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REAL-TIME GARBAGE COLLECTION FOR LIST PROCESSING 
The i n v e n t i o n  r e l a t e s  t o  a method o f  p r a c t i c a l  r e a l  t ime garbage c o l l e c -  
t i o n  f o r  l i s t  p rocess ing  systems. 
I n  a l i s t  p rocess ing  system ( F I G .  l ) ,  smal l  re fe rence  counters  CTR a re  
main ta ined i n  c o n j u n c t i o n  w i t h  memory c e l l s  f o r  t h e  purpose o f  i d e n t i f y -  
i n g  memory c e l l s  t h a t  become a v a i l a b l e  f o r  reuse (FIG. 2 ) .  The counters  
a re  updated as re fe rences  t o  the  c e l l s  a re  c r e a t e d  and dest royed,  and 
when a counter  o f  a c e l l  i s  decremented t o  l o g i c a l  zero  the  c e l l  i s  
immediate ly  r e t u r n e d  t o  a l i s t  o f  f ree  c e l l s .  The improvement t h e  
i n v e n t i o n  p rov ides  i s  t h a t  when a counter must be incremented beyond t h e  
maximum va lue  t h a t  can be represented i n  a smal l  counter ,  t h e  l i s t  
element LE represented  by  t h e  c e l l  A i s  r e s t r u c t u r e d  so t h a t  t h e  add i -  
t i o n a l  re fe rence  count  RA can be represented (FIG. 3 ) .  The r e s t r u c t u r i n g  
i n v o l v e s  a l l o c a t i o n  an a d d i t i o n a l  c e l l  AA, d i s t r i b u t i n g  coun te r  CTRX, t a g  
TAG T A U ,  and p o i n t e r  CAR CDR i n fo rma t ion  among t h e  two c e l l s ,  and 
l i n k i n g  LINK b o t h  c e l l s  a p p r o p r i a t e l y  i n t o  t h e  e x i s t i n g  l i s t  s t r u c t u r e  B 
C. Processes f o r  adding re fe rences  ADD ( F I G .  5 ) ,  d e l e t i n g  re fe rences  DEL 
(FIG. 6 ) ,  and memory r e t r i e v a l  RET and s to rage STO ( F I G .  7 )  man ipu la te  
normal (FIG. 2 )  and expanded (FIG. 3 )  c e l l  formats i n  a manner t ranspar -  
e n t  t o  t h e  l i s t  p rocessor  LP. 
By t h e  above method, a l l  i naccess ib le  c e l l s  a r e  immedia te ly  i d e n t i f i e d  
and rec la imed;  
f ree  c e l l .  Overhead and complex i ty  a re  much l e s s  than o t h e r  methods 
a t t e m p t i n g  r e a l  t ime  garbage c o l l e c t i o n .  Opt ions p o s s i b l e  w i t h  t h i s  
method ( F I G .  9 )  p r o v i d e  g r e a t e r  f l e x i b i l i t y  i n  c e l l  formats than o t h e r  
methods, which b o t h  eases i t s  adapta t ion  t o  e x i s t i n g  l i s t  p rocess ing  
systems, and s i m p l i f i e s  t h e  des ign  o f  nex t  genera t i on  h i g h l y  p a r a l l e l  
l i s t  p rocess ing  s y s t e m .  P r a c t i c a l  and e f f i c i e n t  r e a l  t ime  garbage 
c o l l e c t i o n  as p rov ided  by t h e  i n v e n t i o n  i s  e s s e n t i a l  t o  t h e  a n t i c i p a t e d  
expansion o f  l i s t  p rocess ing  t o  suppor t  t h e  use o f  a r t i f i c i a l  
i n t e l l i g e n c e  techno logy  i n  t h e  areas o f  m o n i t o r i n g  and c o n t r o l ,  and i n  
t h e  area o f  re1  i a b l e  conversa t i ona l  i n t e r a c t i o n .  
thus  t h e r e  i s  never an u n a n t i c i p a t e d  de lay  when needing a 
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H i / \ ? - T I M E  SAREIAGE COLLECTION FOR LIST PROCESSING 
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with:but t he  payment o f  any r o y a l t i e s  thereon or t h e r e f o r .  
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F i e l d  o f  che I i - ,vent ion 
T h i s  i n v e n t i o n  r e l a t e s  tc i  d d t a  process ing systems and t h e i r  ? r range-  
ments t o r  a l l o c a t i o n  and deal  l o c a t i o n  o f  memory space, particulat-1.11 t o  
an improved mechanism t o r  keeping t r a c k  o f  t h e  Kumber o f  a c t i v e  r e f e r -  
ences t o  a memory c e l l  i n  a l i s t  p rocess ing  system. 
10 
-__ Descri_ptioo .- o f  P r i o r  A r t  
Many present  data p rocess ing  systems a r e  concerned w i t h  t h e  manipula- 
t i o n  of l i n k e d  l i s t  s t r u c t u r e s .  
p o i n t e r s ,  which r e f e r  e i t h e r  t o  c t h e r  l i s t  fragrrients, o r  t o  fundamental 
d a t a  item: which a r e  c a l l e d  a t o m .  
riwnber5, may 31sc  r e f e r  i o  another atom o r  t o  a l i s t .  New l i s t s  d r e  
c o n s t r u c t x  b j  a l l o c a t i n g  vacant c e l l s  f rom a f r e e  l i s t ,  and p l a c i n g  
i n t o  thern p o i n t e r s  t o  e x i s t i n g  l i s t s ,  p o i n t e r s  t o  f ragments o f  l i s t s ,  
modi f ied,  ana thus severa l  l i s t s  o r  atoms may r e l i a b l y  r e f e r  t o  t h e  
same u n d e r l y i n v  list Fragment a s  p a r t  o f  t h e i r  va lue,  w i t h o u t  hav ing t o  
Each memory c e l l  i n  a l i s t  c o n t a i n s  
15 
Atoms, which cdn be symbols o r  
20 o r  p o i n t e r s  t o  atoms. P o i n t e r s  w i t h i n  e x i s t i n g  l i s t s  a r e  n o t  normal ly  
Patent 
-2 - 
5 
10 
15 
20 
25 
30 
35 
make the i r  own copy. 
structures i s  termed l i s t  processing. 
d a t a  processors designed particularly for  l i s t  processing, and also in 
general purpose d a t a  processors. 
The above described manipulation of linked l i s t  
I t  i s  implemented in specialized 
All accessible memory ce l l s  may be reached e i ther  by tracing down a 
l i s t  referenced by an atom, by tracing down a l i s t  referenced by a 
stack entry,  or by tracing down the f ree  l i s t .  
and  the stack change, some cel ls  become inaccessible. Identifying 
these ce l l s  and  adding them back t o  the free  l i s t  i s  called garbage 
collection. 
As the values o f  a t o m  
I n  d survey by Cohen, "Garbage Collection of Linked Data Structures," 
ACM Computing Surveys, September 1981, pp. 341- 367, garbage collectiofi 
strdtegies are c lassi f ied as two main types: (1 )  m r k  and S W - P ,  and  
( 2 )  reference counter based. The  basic mark and sweep s t r a t e g j  i s  t o  
trace down a l l  l i s t s  from the base atoms and stack ?riLries, marking 
each accessible memory cell  by setting a b i t  provificu f o r  i h d t  purpose. 
Then memory i s  scanned, and a l l  unmarked ce l l s  a re  reclaimed. The mark 
b i t s  are usually also reset  during th i s  scan. 
halted while the marking operation i s  i n  progress, which can resul t  in 
large delays. These unanticipated delays cause inconvenience, n o t  t o  
inention outright f a i lu re ,  i n  systems which must exhibit  real t ine  or  
conversational response, such as process control or  spoken natural 
language communication. 
collector t o  find new free ce l l s ,  d a t a  structures typically become 
scattered t h r o u g h  a large area o f  memory. 
system th i s  resul ts  in page thrashing, which degrades response time and 
generally l imits  the amount o f  work t h a t  can be done by the machine. 
One improvement t o  mark and sweep s t ra tegies  i s  t o  use two b i t s ,  and a 
more complicated marking process which i s  able t o  proceed without 
halting the l i s t  processor. 
States Patent #4,121,286 Venton, e t .  a l .  However, according to  
Hickey, "Performance Analysis o f  On-the-Fly Garbage Collection," 
Comnunications o f  the ACM, Nov. 1984, pp.  1143-1154, u p  t o  three times 
as much processing power may need t o  be devoted t o  garbage collection 
as t o  l i s t  processing i n  order t o  guarantee t h a t  l i s t  processing need 
never h a l t  t o  wait for  the collector t o  find a needed f ree  ce l l .  
Processing must be 
In addition t o  the delay of waiting on the 
I n  a paging virtual memory 
One such strategy i s  disclosed in United 
i 
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A r e l a t i v e  of  mark and sweep, Baker 's A lgor i thm,  i s  t h e  method used i n  
many commercial l i s t  process iny systems. T h i s  method i n v o l v e s  p a r t i -  
t i o n i n g  memory i n t o  a t  l e a s t  t w o  spaces, evacuat ing  s t r u c t u r e s  f rom one 
space t o  t h e  o t h e r ,  and l e a v i n g  behind f o r w a r d i n g  p o i n t e r s  i n  t h e  
evacuated space. The " to-space" i s  then purged o f  a l l  re fe rences  t o  
t h e  evacuated space v i a  a l i n e a r  scan i n  which a l l  p o i n t e r s  t o  t h e  
evacuated "from-space" a r e  replaced w i t h  t h e  f o r w a r d i n g  p o i n t e r .  
Copying a c e l l  t o  t h e  ' ' to-space" i s  e q u i v a l e n t  t o  marking. 
advantage of Baker 's  a l g o r i t h m  i s  t h a t  c e l l s  a r e  a l l o c a t e d  s e q u e n t i a l l y  
f r o m  to-space. A v a r i a n t  o f  Baker 's a l g o r i t h m  i s  descr ibed by 
Lieberman, "A Real-Time Garbage C o l l e c t o r  Based on t h e  L i f e t i m e s  o f  
Objects,"  Communications o f  t h e  ACM, June 1983, pp.  419-429. 
Another 
The second method descr ibed by Cohen r e q u i r e s  keeping a re fe rence 
counter  f o r  each c e l l  , which i s  incremented when 3 new p c i n t e r  t o  t b  
c e l l  i s  created,  and which i s  decremented when a p o i n t e r  i s  Cest roytd.  
When t h e  counter  i s  decremented t o  zero,  t h e  c e l l  may be immediate ly  
rec la imed and added back t o  t h e  f r e e  l i s t ,  thus  guaranteeing na deiays 
i n  f i n d i n g  f r e e  c e l l s .  
b e i n g  infrequently'manipulated, such as i n  c e r t a i n  o p e r a t i t i g  systetr 
da ta  s t r u c t u r e s ,  r e f e r e n c e  counters have l o n g  been used. T h e i r  use tlas 
n o t  been as common i n  l i s t  processing systems because o f  t h e  over lwac 
i n  s t o r i n g  and updat ing  t h e  counters,  and becatisc o f  t h e i r  i n a b i l i t j ?  t o  
r e c l a i m  c y c l i c  l i s t s .  
Where l a r g e  c e l l s  o r  b l o c k s  o f  storacjt. a r e  
Exper ts  d isagree over  t h e  importance o f  r e c l a i m i n g  c y c l i c  l i s t s .  
example Winston, i n  h i s  w i d e l y  used t e x t  LISP, 2nd Ed., Addison-Wesley, 
1984, p. 141, p o i n t s  o u t  t h e  i n a d v i s a b i l i t y  o f  any s t r u c t u r e  r e q u i r i n g  
m o d i f i c a t i o n  o f  e x i s t i n g  l i s t  c e l l s  ( c o n s t r u c t i o n  o f  c y c l i c  l i s t s  
r e q u i r e s  t h e  s o r t  o f  l i s t  m o d i f i c a t i o n  which renders m u l t i p l e  r e f e r -  
ences t o  common u n d e r l y i n g  l i s t  f ragments u n r e l i a b l e ;  c y c l i c  s t r u c t u r e s  
a l s o  render  c e r t a i n  p rocess ing  opera t ions  i n t e r m i n a b l e ) .  Lieberman, i n  
t h e  above mentioned a r t i c l e ,  considers use o f  c y c l i c  l i s t s  t o  be an 
i nipor tant  technique. 
For  
Overhead i s  a problem because counters must be t h e o r e t i c a l l y  as l a r g e  
as a p o i n t e r ,  and must be kept  c u r r e n t .  
have been suggested t o  a l l e v i a t e  one o r  b o t h  t h e  overhedd problems f o r  
Cohen ment ions methods t h a t  
P a t e n t  
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re fe rence counters .  The e a r l i e s t  i s  based on t h e  o b s e r v a t i o n  t h a t  most 
re fe rence counters  w i l l  be small ;  i n  f a c t ,  many w i l l  never  exceed one 
o r  two. I n  t h i s  method, when a counter  reaches i t s  maximum va lue  i t  i s  
no l o n g e r  updated. 
va lue  counters ,  and t o  r e c l a i m  c y c l i c  l i s t s .  U n i t e d  S t a t e s  Paten ts  
numbers 4,447,875 and 4,502,118 d i s c l o s e  a very  s p e c i a l i z e d  t y p e  o f  
l i s t  p rocess ing  system, c a l l e d  a Reduct ion Processor, hav ing  a garbage 
c o l l e c t i o n  system which uses reference counters  i n  c o n j u n c t i o n  w i th  
When and i f  memory i s  f i n a l l y  exhausted, a conven- 
5 t i o n a l  mark and sweep method i s  used t o  r e c l a i m  c e l l s  w i t h  maximum 
10 mark and sweep. 
A more s o p h i s t i c a t e d  method o f  employing smal l  r e f e r e n c e  counters ,  de- 
s c r i b e d  i n  Cohen's a r t i c l e ,  i s  to assume a l l  c e l l s  have a re fe rence 
count  equal t o  "one," un less  the c e l l  i s  en tered  i n  one o f  severa l  hash 
t a b l e s .  The hdsh t a b l e  f o r  c e l l s  w i t h  counts  g r e a t e r  than one s t o r e s  
15 e x p l i c i t l y  a counter  o f  necessary maximum s ize .  The t a b l e s  a r e  n o t  
updated immediately,  however, due t o  overhead. Rather,  a l o g  o f  
t r a n s a c t i o n s  i s  kept ,  and t h e  t a b l e s  a r e  p e r i o d i c a l l y  updated; which 
g e t s  back t o  t h e  s i t u a t i o n  o f  occasional  de lays.  One commercial venaor 
o f  1 i s t  process ing .machines s t a t e s  t h a t  re fe rence counters  and t a b l e s  
a r e  used, and these machines e x h i b i t  v i s i b l e  pauses f o r  garbage 
c o l l e c t i o n .  
20 
U n i t e d  S t a t e s  Paten t  #4,435,766, a l though n o t  r e l a t e d  t o  l i s t  process- 
i n g  o r  t o  garbage c o l l e c t i o n ,  d i s c l o s e s  something which i s  p r i m i t i v e l y  
l i k e  a r e f e r e n c e  counter .  This i s  c a l l e d  a l o c k  counter ,  and i s  used 
t o  count t h e  number nested resource l o c k s  c r e a t e d  by a process on a 
resource,  such as a computer p e r i p h e r a l .  
25 
Other  U n i t e d  Sta tes  Patents  c o n t a i n i n g  teachings o f  garbage c o l l e c t i o n  
i n  l i s t  p rocess ing  systems, re fe rence count ing,  r e p l i c a t i o n ,  cache 
p a r t i t i o n i n g ,  and memory expansion a r e  #4,432,057, D a n i e l l ,  e t .  a l . ;  
30 #4,193,115, James Albus; #4,215,397, G i m  Horn; #4,558,413, Schmidt and 
Lampson; and #4,463,424, Mattson and Rodriguez-Rosel l .  
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I t  i s  an o b j e c t  o f  t h e  present  i n v e n t i o n  t o  p r o v i d e  an improved r e f e r -  
ence coun te r  garbage c o l l e c t i o n  mechanism f o r  l i s t  p rocess ing ,  which 
has t h e  advantages of smal l  re fe rence counters ,  w h i l e  r e t a i n i n g  t h e  
abso lu te  determinacy and most o f  t h e  s i m p l i c i t y  o f  f u l l  s i z e d  counters.  
A d d i t i o n a l  o b j e c t s  of  t h e  i n v e n t i o n  i n c l u d e :  r e d u c t i o n  o f  t he  overhead 
of upda t ing  re fe rence counters;  e l i m i n a t i o n  o f  memory f ragmen ta t i on  
t y p i c a l l y  caused by mark and sweep methods; 
comp lex i t y  and overhead o f  o the r  re fe rence  coun te r  systems a t tempt ing  
t o  employ smal l  counters.  
and r e d u c t i o n  o f  t he  
Another o b j e c t  i s  t o  p rov ide  these advantages i n  such a way t h a t  they 
can be i n c o r p o r a t e d  i n t o  da ta  processing systems of  the type c u r r e n t l y  
i n  use, w i t h  a minimum o f  impact t o  t h e  des ign  and o p e r a t i o n  o f  these 
sys  terns. 
It i s  a l s o  an o b j e c t  o f  t h e  i n v e n t i o n  t o  p r o v i d e  a iitethod o f  garbage 
c o l l e c t i o n  which i s  s imp le  and robust  enough t o  be used i n  t iext  cjenera- 
t i o n  systems, e s p e c i a l l y  those w i t h  l a r g e  memories o r  .employing h i g h l y  
p a r a l l e l  processing. 
I t  i s  a f u r t h e r  o b j e c t  o f  t h e  i n v e n t i o n  t o  p r o v i d e  p r a c t i c a l  r e a l - t i m e  
l i s t  p rocess ing  garbage c o l l e c t i o n .  
F u r t h e r  o b j e c t s  and advantages of t h e  p resen t  i n v e n t i o n  w i l l  become 
apparent f rom a c o n s i d e r a t i o n  o f  t h e  drawings and ensuing d e s c r i p t i o n  
t h e  r e o f .  
Sumnary o f  t h e  I n v e n t i o n  
According t o  t h e  i n v e n t i o n ,  a re fe rence coun te r  o f  a r b i t r a r i l y  smal l  
s i z e  i s  k e p t  f o r  each c e l l .  Each t ime  a new p o i n t e r  t o  t h e  c e l l  i s  
c r e a t e d  t h e  coun te r  i s  incremented, and each t i m e  a p o i n t e r  t o  t h e  c e l l  
i s  des t royed t h e  coun te r  i s  decremented. When t h e  coun te r  becomes zero  
t h e  c e l l  i s  r e t u r n e d  t o  t h e  f r e e  l i s t .  When any p o i n t e r s  w i t h i n  s a i d  
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cel l  are i n  turn destroyed, the counters of the ce l l s  t o  which they 
point are  similarly decremented and  checked for  zero. 
On the occasion t h a t  a counter can no longer be meaningfully incre- 
mented because i t  has reached i t s  maximum value, an additional cell  i s  
obtained. Then the contents of the original c e l l ,  some additional 
count information, a n d  linking information t o  re la te  the two ce l l s  t o  
the former l i s t  structure,  are  stored in the two ce l l s .  The additional 
count  information i s  incremented t o  re f lec t  the new reference. The new 
reference pointer value will be adjusted to  point appropriately within 
the new cel l  structure.  
By the above method, a l l  inaccessible ce l l s  are immediately identified 
and reclaimed; thus there is  never an  unanticipated delay when needing 
a f ree  ce l l .  The fixea and deterministic overhead of iApdating counters 
i s  accepted in lieu o f  the unpredictable delays of a l l  systems which do 
n o t  immediately identify a n d  reclaim inaccessible ce l l s .  k i t h  small 
reference counters the overhead can be made quite smalf; 
f a c t ,  t h a n  t h a t  of mark and sweep systems which e i ther  must use a l o t  
of processing power t o  continuously locate inaccessible cel I s t  o r  
suffer  degradation due t o  memory fragmentation. 
less ,  i n  
DescriDtion of the Drawinas 
FIG. 1 i s  a diagranimatic view o f  a l i s t  processing system showing the 
invention incorporated therein. 
FIGS. 2 and 3 show the structures of a standard cel l  and an expanded 
cel l  , respectively. 
FIG. 4 i s  a diagrammatic view o f  the regis ters  and  d a t a  paths used by 
the garbage management system. 
FIG. 5 i s  a flow diagram of the garbage collection algorithm for  a d d i n g  
references. 
FIG. 6 i s  a flow diagrarii  o f  the garbage collection algorithm for  
deleting references. 
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F I G .  7 i s  a f l o w  diagram of t h e  garbage c o l l e c t i o n  a l g o r i t h m  f o r  
access ing c e l l s  o f  v a r i o u s  types i n  a u n i f o r m  manner. 
FIG. 8 i s  a f low diagram of t h e  garbage c o l l e c t i o n  a l g o r i t h m  f o r  
o b t a i n i n g  c e l l s  from t h e  f r e e  l i s t  and r e t u r n i n g  f r e e  c e l l s  t o  t h e  f r e e  
l i s t .  
FIG. 9 shows t h e  data s t r u c t u r e s  used t o  implement an a l t e r n a t e  embodi- 
ment o f  t h e  i n v e n t i o n  i n  which re fe rence counter  i n f o r m a t i o n  and 
re fe rences  t o  a l i s t  s t r u c t u r e  may be d i s t r i b u t e d  among severa l  memory 
c e l l s .  
- DESCRIPTION OF THE PREFERRED EMBODIMENT 
R e f e r r i n g  f i r s t  t o  F IG .  i b r i e f  c o n s i d e r a t i o n  w i l l  be g i v e n  t o  G 
t y p i c a l  l i s t  p rocess ing  system organized on a modular b a s i s  s l i i t e d  t o  
t h e  i n v e n t i o n .  The system coiiiprises ( i j  a c e n t r a l  process in9 w i t  o r  
i i s t  processor  LP, ( i i )  a memory system MEM, ( i i i )  p e r i p n e r a l  Gr i i ts  
W l ,  PUil, AM, ( i v )  a garbage manager GM, and ( v )  an irttercomi;;unication 
mdii i rn I C M  f o r  memory t o  processor o r  p e r i p h e r a l  u n i t  conmunicat ion.  
Yodules i n c l u d e  t h e  p r o v i s i o n  o f  needed c o n t r o l  i n f o r m a t i o n  about when 
re fe rences  t o  memory c e l l s  a r e  be ing  c r e a t e d  and dest royed,  a r 4  t h e  
p r o v i s i o n  o f  space w i t h i n  t h e  c e l l  fo rmat  f o r  s t o r i n g  a re fe re l i ce  
counter .  The arrangement and q u a n t i t y  of  t h e  v a r i o u s  modules shown i n  
FIG. 1 a r e  t y p i c a l  o n l y  and n o t  i n t e n d e d  t o  be l i m i t i n g .  
I n t e r f a c e  t o  t h e  L i s t  Processor 
The l i s t  processor  LP i s  prov ided w i t h  a c e l l  access i n t e r f a c e  C A I 1  f o r  
r e t r i e v i n g  o r  updat ing  t h e  contents  o f  memory c e l l s .  
f r o m  t h e  l i s t  processor  LP t o  the memory system MEM a r e  i n t e r c e p t e d  by 
t h e  garbage manager GM, which i s  i n t e r p o s e d  between t h e  l i s t  processor  
LP and t h e  memory system MEM. The memory system MEM as shown i n  FIG. 1 
i s  comprised o f  a memory manager MM, a cache memory CM, a main memory 
MA, and an a u x i l i a r y  memory AM which i s  t y p i c a l l y  a p e r i p h e r a l  u n i t  
such as a d i s k  used as a backing s to re .  Some data  process ing  systems 
may o m i t  o r  add elements o f  the memory system MEN. 
Such accesses 
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A second i n t e r f a c e  t o  t h e  l i s t  processor LP i s  t h e  c o n t r o l  f u n c t i o n  
i n t e r f a c e  C F I l  which the  processor uses t o  i n d i c a t e  what type of access 
t o  memory i s  be ing  made, and t o  per fo rm c e r t a i n  c o n t r o l  f u n c t i o n s .  
a d d i t i o n  t o  a r e t r i e v e  RTV and a s t o r e  STR f u n c t i o n  no rma l l y  assoc ia ted  
w i t h  memory i n t e r f a c e s ,  t h e r e  a r e  s p e c i a l  c o n t r o l  f u n c t i o n s  which a r e  
no rma l l y  used o n l y  by 1 i s t  processors employing reference counter  
garbage c o l l e c t i o n .  If these specia l  c o n t r o l  f u n c t i o n s  a r e  n o t  a l r e a d y  
present ,  t h e  l i s t  processor can be a p p r o p r i a t e l y  m o d i f i e d  t o  i n c l u d e  
then1 i n  t h e  c o n t r o l  f unc t i on  i n t e r f a c e  C F I 1 .  The f u n c t i o n s  which t h e  
10 c o n t r o l  f u n c t i o n  i n t e r f a c e  C F I l  communicates t o  t h e  garbage rnanager GM 
a re :  
I n  
5 
RTV - Access t o  r e t r i e v e  c e l l  con ten ts  
STR - Access t o  s t o r e  c e l l  contents 
NEW - Get a c e l l  f r om the  f r e e  l i s t  
15 ADD - Add a new re fe rence  t o  a c e l i  
DEL - Dest roy  a re fe rence  t o  a c e l l  
EGM - Se t  t h e  f r e e  l i s t  p o i n t e r  and enable garbage manager 
DGM - R e t r i e v e  f r e e  l i s t  p o i n t e r  and d i s a b l e  garbage manager 
SDL - Set  dynamic space d e l i m i t e r  
20 Wi th  each f u n c t i o n  presented on the  c o n t r o l  f u n c t i o n  i n t e r f a c e  CFI1, 
t h e  l i s t  p rocessor  LP a l s o  prov ides  a c e l l  address on t h e  c e l l  access 
i n t e r f a c e  C A I 1 .  With access func t i ons ,  t he  l i s t  p rocessor  LP w i l l  a l s o  
p r o v i d e  c e l l  con ten t  da ta  (STR), o r  expect c e l l  con ten t  data t o  be 
p rov ided  t o  i t  (RTV). The c o n t r o l  f u n c t i o n  i n t e r f a c e  C F I l  i s  a l s o  used 
t o  r e t u r n  s t a t u s  and excep t ion  i n fo rma t ion  t o  t h e  l i s t  processor LP, as 
f o r  example whether the  f u n c t i o n  was s u c c e s s f u l l y  completed, and i f  n o t  
why. 
25 
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There i s  also a cell  access interface CAI2 and  a control function 
interface CF12 from the garbage manager GM t o  the memory M E M ,  which are  
similar t o  the cell  access interface CAI1 a n d  control function inter-  
face CFI1, except that  the control function interface C F I 2  provides 
5 only access ( re t r ieve  and s tore)  functions. The cel l  access interfaces 
CAI1 and  CAI2 and the control function interface CFI2 may be part  of 
the intercommunication medium I C M ;  however, the control function 
interface C F I 1 ,  because of  t h e  various unique functions described 
above, will be specialized. 
10 Division of ResDonsibilitv 
In a typical l i s t  processing system there are several tasks,  each with 
i t s  own logical area of memory. There may also be more t h a n  one method 
of garbage collection available. I t  i s  desirable,  therefore, tha t  the  
i n i t i a t ion  and termination o f  the operation of the garbage niar;ager GK 
15 f o r  specified areas of  mern0r.y be controlled by the l i s t  processor LP.  
"lhen the l i s t  processor L P  wishes the garbage manager Grl  t o  manage f ree  
space i n  an area o f  memory, i t  links the free  c e l l s  in t h a t  area i n t o  a 
f ree  l i s t .  If  there are pre- existing l i s t  structures in the area 
which were not maintained under garbage manager GM control, the l i s t  
processor LP computes and stores correct values fo r  t he i r  refcrence 
counters. 
of the f ree  l i s t  t o  the garbage manager GM,  along with the enable 
function EGM, which i n i t i a t e s  garbage manager GM control of the free  
l i s t .  After t h a t  point, t h e  garbage manager GM assumes a l l  control of 
elements traceable from atoms and stack entr ies .  
may regain fu l l  control and retrieve the free  l i s t  pointer by issuing 
the disabling command DGM on t h e  control function interface CFI1. 
garbage manager GM may also n o t i f y  the l i s t  processor LP  of exceptional 
interface CFI1 .  
20 
The l i s t  processor LP then transmits the address of the head 
25 the free  l i s t ,  a n d  the l i s t  processor LP retains control of a l l  l i s t  
The l i s t  processor LP 
The 
30 conditions, such as f ree  l i s t  exhaustion, u s i n g  the control function 
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FIG. 2 shows t h e  format of a l i s t  element LE, comprised of a c e l l  A, t o  
which t h e r e  a r e  smal l  numbers o f  re fe rences  R. 
f i e l d  o f  b i t s  w i t h i n  c e l l  A i s  as f o l l o w s :  
A d e s c r i p t i o n  of  each 
CTR - re fe rence counter  hav ing a range of  p o s s i b l e  va lues f rom 1 t o  
t h e  Nth power of 2, where N i s  the  number o f  b i t s  a l l o c a t e d  f o r  t h e  
counter .  
TAG - a code used by t h e  l i s t  processor t o  i n d i c a t e  t h e  t y p e  o f  c e l l  
o r  o t h e r  memory data i tem,  i n  t h i s  case an a p p r o p r i a t e  code t o  i n d i c a t e  
a standard smal 1 counter  c e l l .  
CAR - t h e  f i r s t  of  t h e  two p o i n t e r s  conta ined i n  t h e  c e l l .  
CDR - t h e  second p o i n t e r  conta ined i n  t h e  c e l l .  
F I G  3 shows t h e  same l i s t  element as FIG 2, w i t h  an a d d i t i o n d l  r e t e r -  
ence RA, exceeding t h e  c a p a c i t y  o f  r e f e r e n c e  counter  CTK. As wii:  be 
exp la ined subsequent ly,  two phys ica l  memory c e l l s  a r e  now used t o  
represent  l i s t  element LE. The o r i g i n a l  c e l l  A has been niodi t - iea i o  
c o n t a i n  an expanded re fe rence counter  CTRX i n  p l a c e  o f  i t s  f i r s t  
p o i n t e r  CAR, a l i n k  p o i n t e r  LINK t o  a second ce 
second p o i n t e r  CDR, and an appropr ia te  t a g  TAG2 
o f  t.he c e l l .  A second c e l l  AA conta ins t h e  TAG 
o r i g i n a l  c e l l .  
1 i n  p l a c e  of i t s  
t o  i n d i c a t e  t h e  format 
CAR, and CDR o f  t h e  
Operat ion o f  t h e  Garbage Manager 
The garbage manager GM i s  a sequent ia l  s t a t e  machine implement ing t h e  
process s t a t e s  of FIGS. 5 through 8 as descr ibed below. 
manager GM has t h e  purposes o f  m a i n t a i n i n g  t h e  r e f e r e n c e  counters  and 
t h e  f r e e  l i s t ,  and o f  h a n d l i n g  memory re fe rences  on b e h a l f  o f  t h e  l i s t  
processor  LP so t h a t  t h e  l i s t  processor LP need n o t  normal ly  concern 
i t s e l f  w i t h  those aspects o f  c e l l  f o r m a t  which have t o  do w i t h  v a r i o u s  
re fe rence c o u n t e r  c o n f i g u r a t i o n s .  
The garbage 
r a t e n t  
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The garbage manager GM has i n t e r n a l  s to rage r e g i s t e r s ,  da ta  paths,  and 
f u n c t i o n a l  u n i t s  as shown i n  FIG. 4. When t h e  l i s t  processor  LP r e -  
quests  a f u n c t i o n  o f  t h e  garbage manager GM, i t  sends t h e  a p p r o p r i a t e  
f u n c t i o n  code on t h e  c o n t r o l  func t ion  i n t e r f a c e  C F I 1 ,  sends c e l l  
address i n f o r m a t i o n  on t h e  address p o r t i o n  A D D R l  of t h e  c e l l  access 
i n t e r f a c e  C A I l  t o  a c e l l  address r e g i s t e r  CA, and sends and accepts 
c e l l  con ten t  and o t h e r  in fo rmat ion  on t h e  conten t  p o r t i o n  CONTENT1 of 
t h e  c e l l  access i n t e r f a c e  C A I l  t o  a group o f  c e l l  c o n t e n t  r e g i s t e r s  
C E L L ,  which i n c l u d e :  a reference c o u n t e r  CTRC, an extended r e f e r e n c e  
10 counter  p o r t i o n  XC,  a t a g  TAGC, a f i r s t  p o i n t e r  CARC, and a second 
p o i n t e r  CDRC. 
r e g i s t e r  CA and c e l l  con ten t  r e g i s t e r s  C E L L  t o  c o m u n i c a t e  w i t h  t h e  
menlory mandyer MM over  t h e  c o n t r o l  access i n t e r f a c e  C A I 2 ,  a long w i t h  
a p p r o p r i a t e  f u n c t i o n  codes on the c o n t r o l  f u n c t i o n  i n t e r f a c e  C F I 2 .  A 
inemory address can a l s o  be r u p p l i e d  f rom a f r e e  p o i n t e r  r e g i s t e r  
FREPTR, which i s  used t o  s t o r e  the address o f  t h e  head o f  t h e  free 
l i s t ,  and an o l d  c e l l  address r e g i s t e r  OCA, which i s  used i n  d e l e t i n g  
references.  A m u l t i p l e x e r  MPX i s  used t o  s e l e c t  which o f  these t h r e e  
sources o f  address i n f o r m a t i o n  w i l l  be s e n t  on t h e  address p o r t i o n  
5 
S i m i l a r l y ,  t h e  garbage manager GM uses t h e  c e l l  address 
15 
20 ADDR2 o f  t h e  c e l l  access i n t e r f a c e  C A I Z .  An a r i t h m e t i c  and l o g i c  u n i t  
ALlJ i s  p rov ided f o r  computat ion and t e s t i n g .  
i s  used f o r  computat ions and exchanges. 
p l i s h e d  d i r e c t l y  v i a  an i n t e r n a l  bus 16. The e n t i r e  group of c e l l  
c o n t e n t  r e g i s t e r s  C E L L  i s  t r a n s f e r r e d  on t h e  c e l l  access i n t e r f a c e s  as 
25 a u n i t ,  b u t  one o f  i t s  component r e g i s t e r s  i s  t r a n s f e r r e d  on t h e  
i n t e r n a l  bus I B .  A s e l e c t  r e g i s t e r  S has t h e  s p e c i a l  f u n c t i o n  o f  
s e l e c t i n g  t h e  f i r s t  p o i n t e r  CARC o r  second p o i n t e r  CDRC f o r  t r a n s f e r .  
The d e l i m i t e r  r e g i s t e r  D L I M  i s  used t o  p a r t i t i o n  l o g i c a l  memory space 
i n t o  a dynamic r e g i o n  i n  which c e l l  a l l o c a t i o n  i s  handled by t h e  
garbage manager GM, and a s t a t i c  r e g i o n  managed by t h e  l i s t  processor  
LP as w i l l  be e x p l a i n e d  i n  t h e  d i s c u s s i o n  o f  P a r t i a l  Tag Encoding i n  
P o i  n t e r s  . 
A temporary r e g i s t e r  S A V E  
Simple t r a n s f e r s  a r e  a c c m -  
30 
FIGS. 5 through 8 d e f i n e  impor tant  processes o f  t h e  garbage manager GM 
u s i n g  t h e  f u n c t i o n a l  u n i t s  of FIG. 4 and t h e  f o l l o w i n g  s p e c i a l  terms 
35 and convent ions:  
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EXP - A t a g  value indicating use of the expanded counter 
format of FIG. 3 .  
NIL  - A special pointer value designating an empty l i s t .  
MAX - The maximum reference counter value t h a t  can be 
5 represented in the small counter format o f  FIG. 2. 
M I N  - The minimum counter value representing t h a t  only one 
reference i s  present. 
MEM(X)(-Y - The operati’on o f  storing the contents o f  a 
regis ter  Y i n t o  a cell  o f  memory MEN whose address 
10 i s  i n  a regis ter  X. 
YZC-MEM(X2) - The operation of retrieving a cel l  o f  rnernory 
MEM whose address i s  in a regis ter  X2, and p l a c i n g  the 
contents of t h a t  cell  into a regis ter  Y2. 
15 
CELL - Indicates the en t i re  group o f  regis ters  CTRC, TAGC, 
CARC, CDRC i s  referenced or updated, except t h a t  when 
t ransfer  i s  t o  o r  from memory MEM, the extended 
portion XC o f  the reference counter CTRC i s  n o t  included 
i n  the transfer.  
CELL(S) - References the register CARC when the contents 
20 o f  the regis ter  S are zero, and references the regis ter  
CDRC when the contents o f  S are  one. 
25 
CELL(CDRC) - Indicates transfers which take place as i f  the 
en t i r e  group o f  regis ters  CELL were participating, b u t  
in which only the register CDRC i s  allowed to  be 
updated. 
NEW(CA) and REL(CA) - Indicate invocation of the obtain ce l l  
process NEW and the release ce l l  process REL, which 
will be described subsequently. 
P a  tent 
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FIG. 5 defines the process the garbage manager GM uses in response t o  a 
request from the l i s t  processor LP t o  add a reference t o  a ce l l .  The 
l i s t  processor LP must supply a cell  address, and may supply the cel l  
contents. 
i f  n o t ,  the garbage manager GM will retrieve them from the memory 
system MEM. The reference counter i s  then identified and incremented 
in step A2. Step A3 checks f o r  small counter overflow. If  a previous- 
ly ma l l  format c e l l ' s  counter becomes larger than can be accommodated 
within the format, then cell  expansion will take place as follows. The 
step A5, which step A6 uses t o  contain the CAR, CDR, and TAG of the 
original ce l l .  Step A7 places into the original cel l  i n  memory the 
expanded count, a l i n k  t o  the new c e l l ,  and an appropriate t a g .  
A8 saves the updated reference counter in memory i n  the case where cell  
expansion did n o t  take place. 
Step A 1  checks whether cell  contents have been supplied, and 
5 
10 garbage manager GM obtains a n  additional cell  from the f ree  l i s t  v i a  
Step 
15 
FIG. 6 defines the process of deleting a reference to  a ce l l .  i n  step 
B1 the old cell  address register OCA i s  in i t ia l ized  t o  the value NIL. 
I f  in step 83 the cell  i s  f o u n d  t o  be not in the dynamic portion of 
memory, then no fur ther  processing of the cell  i s  required, and the 
20 terminating step B4 i s  invoked. At step B4 the old cel l  address OCA i s  
checked t o  see whether t h i s  deletion was the resu l t  of an original 
request, in which case the process terminates. If  i n  s tep B3 the  
reference i s  to  a cell  in the dynamic portion of memory ( i . e .  not an 
atom), then the cel l  i s  retrieved and i t s  counter decremented in step 
returned t o  memory, and expanded counters decrementing below the  
threshold o f  expansion cause the  cell  t o  be reformatted as a small 
counter c e l l ,  with one of the two ce l l s  of the expanded format being 
returned t o  the f ree  l i s t .  
25 B5. In step B6 the counter portion of an expanded format ce l l  i s  
If  i n  s tep 87 the l a s t  remaining reference 
30 to  the cell  has n o t  been deleted then the small format ce l l  i s  stored 
in memory via step B8, otherwise the cel l  must be returned t o  the free  
l i s t .  
references which the cell  makes t o  other c e l l s ,  a process handled 
ent i re ly  within the garbage manager GM. This recursive function i s  
accomplished without a stack by using the c e l l s  being freed to  s tore  
information which i s  local to  each level of recursion. The CA regis ter  
contains the address of the cell of current in te res t .  If there was a 
Returning the cell  t o  t h e  f ree  l i s t  requires deleting any 
35 
I' 
r a  t e n  t 
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p rev ious  c e l l ,  i t s  address is  i n  OCA. A s t i l l  p r i o r  c e l l  address i s  
s t o r e d  i n  t h e  c e l l  addressed by OCA. 
c a t e  which p o i n t e r  w i t h i n  t h e  c u r r e n t  c e l l  i s  b e i n g  processed, t h e  CAR 
o r  CDR. When a c e l l  i s  t o  be f reed,  then S i s  s e t  t o  z e r o  i n  s t e p  B9, 
which s e l e c t s  t h e  CAR. I n  s tep  B10 an exchange i s  then performed i n  
which t h e  o l d  c e l l  address OCA i s  moved i n t o  CELL(S), t h e  c u r r e n t  c e l l  
address CA i s  moved t o  OCA, t h e  former conten ts  o f  CELL(S) a r e  moved t o  
CA, which w i l l  become t h e  new c e l l  address o f  i n t e r e s t ,  and the  va lue  
o f  S i t s e l f  i s  saved i n  t h e  counter  f i e l d  of t h e  c u r r e n t  c e l l .  The 
10 c u r r e n t  c e l l  i s  then s t o r e d  back t o  memory so t h a t  t h e  S and OCA va lues 
i n  it, as w e l l  as t h e  CDR p o i n t e r ,  may be r e c a l l e d  when needed. 
process of c o n s i d e r i n g  t h e  c u r r e n t  c e l l  address i n  r e g i s t e r  CA as a 
d e l e t e d  re fe rence then begins again w i t h  s t e p  B3. When such process i s  
f i n i s h e d ,  t h e  va lue  i n  r e g i s t e r  OCA i s  used t o  determine whether i t  was 
The S r e g i s t e r  i s  used t o  i n d i -  
5 
The 
15 an i n i t i a l  d e l e t i o n  requested by t h e  l i s t  ?rocessor LP which hfiL 
f i n i s h e d ,  o r  whether i t  i s  a d e l e t i o r l  t h a t  was invoked by t h e  garbage 
manager GC1. I n  t h e  l a t t e r  case, the  OCA r e g i s t e r  i s  used i n  s t e p  B 1 1  
t o  r e t r i e v e  t h e  former c e l l  o f  i n t e r e s t ,  whose conten ts  a r e  used t o  
r e s t o r e  o t h e r  necessary i n f o r m a t i o n  t h a t  was saved e d r l i e r .  Then S i s  
20 incremented, and i t  s e l e c t s  t h e  CDR o f  t h e  c u r r e n t  c e l l  f o r  d e l e t i o n .  
When c o n t r o l  i s  aga in  r e t u r n e d  t o  s t e p  B11, i nc rement ing  S r e v e a l s  
n e i t h e r  CAR o r  CDR t o  be se lected,  so t h e  c u r r e n t  c e l l  i s  ready t o  be 
r e t u r n e d  t o  t h e  f r e e  l i s t  v i a  s tep B12, and i t s  h a n d l i n g  i s  cosik.1ete. 
FIG. 7 d e f i n e s  how t h e  garbage manager GM responds t o  reques ts  f rom t h e  
25 l i s t  processor  LP f o r  c e l l  storage and r e t r i e v a l .  On a r e t r i e v a l  
f u n c t i o n  RET t h e  c e l l  con ten ts  are ob ta ined f rom memory i n  s t e p  C 1 .  I f  
i n  s t e p  C2 t h e  c e l l  t u r n s  o u t  t o  be i n  expanded format ,  then t h e  second 
c e l l  o f  t h e  p a i r  i s  a l s o  be r e t r i e v e d ,  and t h e  i n f o r m a t i o n  i t  c o n t a i n s  
i s  passed back t o  t h e  l i s t  processor LP. O n  a s t o r e  f u n c t i o n  STO s t e p  
30 D1 determines whether o r  n o t  the c e l l  i s  i n  expanded f o r m a t  by l o o k i n g  
a t  t h e  count  v a l u e  o f  t h e  c e l l ,  which i s  always main ta ined t o  f u l l  
p r e c i s i o n  i n  communications between t h e  garbage manager GM and t h e  l i s t  
processor  LP. If t h e  c e l l  i s  i n  expanded format,  then t h e  f i r s t  member 
of  t h e  c e l l  p a i r  i s  r e t r i e v e d  i n  s t e p  D2 i n  o r d e r  t o  o b t a i n  t h e  address 
35 of t h e  second c e l l  o f  t h e  p a i r ,  which i s  then used by s t e p  D3 t o  s t o r e  
t h e  CAR, CDR, and TAG f rom t h e  l i s t  processor.  
ra t en  t 
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FIG. 8 de f ines  the  processes o f  o b t a i n i n g  a c e l l  f rom t h e  f r e e  l i s t ,  
NEW, and of  r e l e a s i n g  a c e l l  t o  the f r e e  l i s t ,  REL. These processes 
may be invoked by the  l i s t  processor LP by u s i n g  the  f u n c t i o n  codes f o r  
r e t r i e v a l  RTV and s to rage STR on t h e  c o n t r o l  f u n c t i o n  i n t e r f a c e  CFI1,  
o r  by o t h e r  garbage manager GM processes. I n  t h e  o b t a i n  c e l l  process 
NEW, s tep  E l  checks f o r  p o s s i b l e  f r e e  l i s t  exhaust ion ,  and s t e p  E2 
o b t a i n s  t h e  address of  t h e  f i r s t  c e l l  f r om t h e  f r e e  l i s t ,  p u t t i n g  t h a t  
address i n  t h e  c e l l  address r e g i s t e r  CA f o r  communication back t o  t he  
i n v o k i n g  process. I n  t h e  re lease process REL, t h e  c e l l  t o  be re leased 
i s  threaded on t o  t h e  head of the f r e e  l i s t  by upda t ing  i t s  p o i n t e r s  
and upda t ing  the  f r e e  l i s t  p o i n t e r s  as shown i n  s t e p  F1. 
Cache OPerat ion 
Whi le  c o r r e c t  l o g i c a l  f u n c t i o n  of t he  garbage manager Gfli i s  n c t  depen- 
den t  on any p a r t i c u l a r  implementation o f  t h e  memory subsystem, i t s  
e f f i c i e n c y  i s .  As seen from the preceding process d e s c r i p t i o n s ,  t h e  
garbage manager generates a d d i t i o n a l  memory re fe rences  , many o f  which 
a r e  s t o r e  opera t ions .  
t o g e t h e r  i n  t ime. 
References t o  t h e  same c e l l  a r e  f r e q u e n t l y  c l o s e  
Therefore,  i f  the  memory subsysteni uses a h i g h  speed 
cache b u f f e r  hav ing  the cha rac te r  
n o t  w r i t t e n  t o  main memory ( i . e .  
con ten ts  o f  t h a t  p a r t i c u l a r  cache 
another  memory c e l l ) ,  then  overal  
proved. 
s t i c  t h a t  eve ry  update o p e r h t i o n  i s  
main memory i s  updated o n l y  vhen t h e  
c e l l  must be evacuated t o  h o i d  
performance w i l l  be g r e a t l y  i m -  
- A d d i t i o n  and D e l e t i o n  o f  References by t h e  L i s t  Processor 
The l i s t  processor LP exe rc i ses  a g r e a t  dea l  o f  c o n t r o l  ove r  t h e  
e f f i c i e n c y  o f  t h e  garbage manager GM by t h e  frequency w i t h  which i t  
requests  a d d i t i o n  and d e l e t i o n  o f  re fe rences .  Whenever t h e  l i s t  proces- 
sor performs a modular ope ra t i on  over  a l i s t  s t r u c t u r e  which i s  s t a t i c  
f o r  t h e  d u r a t i o n  o f  t h e  opera t ion ,  however complex t h a t  o p e r a t i o n  may 
be, then reference c o n t r o l  requests may be d e f e r r e d  u n t i l  t h e  end o f  
t h e  opera t i on .  T h i s  r e s u l t s  i n  the  e l i m i n a t i o n  o f  many i n t e r m e d i a t e  
r e f e r e n c e  c o n t r o l  opera t ions .  Fo r  example, c o n s i d e r  a l i s t  p rocess ing  
p r i m i t i v e  which scans a l i s t  l ook ing  f o r  a p a r t i c u l a r  i tem.  
o p e r a t i o n  i n  upda t ing  a l i s t  scanning p o i n t e r  t o  t h e  n e x t  element i n  
Each 
p a t e n t  
5 
10 
15 
20 
25 
30 
-16- 
t h e  l i s t  c o u l d  be viewed a s  r e q u i r i n g  one re fe rence d e l e t i o n  and one 
re fe rence a d d i t i o n .  A l t e r n a t e l y ,  knowing t h e  s t r u c t u r e  o f  t h e  opera- 
t i o n  be ing  performed, i t  becomes necessary t o  per fo rm o n l y  one r e f e r -  
ence a d d i t i o n  ( f o r  t h e  r e s u l t  a t  t h e  end o f  t h e  o p e r a t i o n ) ,  and one 
d e l e t i o n  ( f o r  t h e  i n i t i a l  argument s t r u c t u r e ,  aga in  performed a t  t h e  
end o f  t h e  o p e r a t i o n ) .  To go even f u r t h e r ,  re fe rence a d d i t i o n  and 
d e l e t i o n  i n  t h e  above example can be made t h e  r e s p o n s i b i l i t y  o f  whatev- 
e r  r o u t i n e  invoked t h i s  f u n c t i o n ,  a l l o w i n g  t h a t  r o u t i n e  t o  a l s o  o p t i -  
mize i t s  r e f e r e n c e  c o n t r o l  operat ions.  
P a r t i a l  Tag Encoding i n  P o i n t e r s  
A f u r t h e r  e f f i c i e n c y  c o n s i d e r a t i o n  concerns t h e  a b i l i t y  t o  determine 
whether a re fe renced memory i tern i s  a dynamica l l y  a l l o c a t e d  c e l l ,  o r  a 
s t a t i c  e n t i t y  such as an atom, by examining t h e  p o i n t e r  t o  the  i tem.  
T h i s  may be done, f o r  example, by p a r t i t i o n i n g  t h e  address space in tc ;  
s t a t i c  and dynamic p o r t i o n s  as descr ibed above, which i s  p a r t i c u l a r l y  
convenient  i n  v i r t u a l  memory o r  segmented memory systenis. I f  such i s  
t h e  case, then a d d i t i o n  and d e l e t i o n  o f  re fe rences  t o  s t a t i c  i tems w i l l  
n o t  r e q u i r e  a d d i t i o n a l  memory references. I f  such i s  n o t  the  case, then 
t h e  i tems w i l l  have t o  be r e t r i e v e d  and t h e i r  t a g  f i e l d s  examined even 
i f  they  a r e  s t a t i c .  Stack e n t r i e s  a r e  considerea s t a t i c  f o r  t h i s  
purpose. 
DESCRIPTION OF ALTERNATE EMBODIMENTS 
The embodiment descr ibed above has t h e  advantage t h a t  i t  e a s i l y  i n t e r -  
faces w i t h  c e r t a i n  types o f  e x i s t i n g  l i s t  p rocess ing  systems. 
s k i l l e d  i n  t h e  a r t  w i l l  recognize v a r i o u s  a l t e r n a t e  embodiments, some 
o f  which a r e  more s u i t a b l e  f o r  t h e i r  purposes. 
b r i e f l y  d e s c r i b e d  below. 
Those 
Se lec ted  ones a r e  
Sof tware Imp1 ementat i  ons 
Dynamic expansion o f  re fe rence counters c o u l d  be emulated by l i s t  
p rocess ing  s o f t w a r e  r u n n i n g  on a convent iona l  da ta  processor.  T h i s  has 
been accompl ished t o  v e r i f y  t h e  concepts and p r i n c i p l e s  o f  t h e  method 
o f  garbage c o l l e c t i o n  s e t  f o r t h  above. Software imp lementa t ion  a l s o  
r a  t e n  t 
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has a use i n  s t u d y i n g  t h e  behavior  o f  t h e  garbage manager f o r  a l t e r n a t e  
c o n f i g u r a t i o n s  of re ference counter  s i z e  and expansion format. 
Zero S ize  Reference Counters 
The s m a l l  counter  format c e l l  may be so s t r u c t u r e d  t h a t  i t  has no space 
a l l o c a t e d  f o r  a re ference counter  i n  which case i t  i s  presumed t o  have 
t h e  va lue  one. When a reference t o  such a c e l l  i s  de le ted ,  then t h e  
c e l l  i s  r e t u r n e d  t o  t h e  f r e e  l i s t .  When a re fe rence i s  added, t h e  c e l l  
must be expanded. The e f fec t i veness  o f  such smal l  counters  depends 
upon the  o b s e r v a t i o n  t h a t  a m a j o r i t y  o f  counters  have t h e  va lue  one i n  
many l i s t  process ing a p p l i c a t i o n s ,  and upon t h e  a b i l i t y  of  a cache 
memory t o  handle temporary excurs ions above t h e  v a l u e  one w i t h o u t  
a c t u a l l y  expanding and c o n t r a c t i n g  t h e  c e l l  in memory. The LdChe 
might ,  f o r  example, employ a t h i r d  c o u n t e r  s i z e  choseti t o  hane’e m x t  
such excurs ions.  
Using such a counter  s i z e ,  t h e  re fe rence counter  rnethoci c w l d  be mQre 
e a s i l y  adapted t o  a l i s t  process ing system which does n o t  hdve any b i t s  
reserved f o r  garbage c o l l e c t i o n  purposes. T h i s  i n c l u d e s  soiiie systems 
which use Baker ’s  a l g o r i t h m .  A second p r i n c i p l e  advantage o t  a z e r o  
count  system i s  t h a t  i t  a l l o w s  a l l  non-data b i t s ,  such a s  Tags. t o  be 
moved o u t  o f  t h e  c e l l  and i n t o  the r e f e r e n c e  ( p o i n t e r )  t o  the ,e l l .  I n  
mark and sweep garbage c o l l e c t i o n  t h i s  cannot  be done because t h e  c e l l s  
a r e  accessed d u r i n g  t h e  sweep phase by a scan o f  memory independent o f  
t h e  p o i n t e r s  t o  t h e  c e l l .  I n  a normal re ference counter  system i t  
cannot be done because t h e  counter  i t s e l f  must be present .  To remove 
a i l  such non-data b i t s ,  f u l l y  encoding t h e  t a g  i n  t h e  p o i n t e r s  t o  t h e  
c e l l ,  has t h e  advantage t h a t  the t y p e  o f  c e l l  i s  known f rom t h e  p o i n t e r  
w i t h o u t  hav ing  t o  r e t r i e v e  t h e  c e l l ,  and t h e  advantage t h a t  c e l l  d a t a  
c o n t e n t  may use t h e  f u l l  memory c e l l  s i z e .  Standard 32 b i t  da ta  fo rmats  
could,  f o r  example, be used i n  a p rocessor  employing a common 3 2  b i t  
memory w id th .  
Other  Arrangements o f  CTR, TAG, CAR, CDR and L I N K  
Idhen a c o u n t e r  must be expanded, t h e r e  a r e  many ways o f  a l l o c a t i n g  t h e  
c e l l  i n f o r m a t i o n  among t h e  two c e l l s .  I n  a d d i t i o n  t o  j u s t  p l a c i n g  t h e  
_I_- - _  - 
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i n f o r m a t i o n  d i f f e r e n t l y  than i n  F I G .  3, t h e  c o u n t e r  i n f o r m a t i o n  may be 
d i s t r i b u t e d  between t h e  two c e l l s .  FIG. 9 shows an expansion i n  which 
an o r i g i n a l  c e l l  OLDCELL i s  l e f t  comple te ly  unmodi f ied  by t h e  expan- 
s ion,  and a new c e l l  NEWCELL conta ins a new counter  CTR2 o f  a t h e  same 
s i z e  as t h e  o l d  counter  CTR1. 
t o  p o i n t  t o  t h e  new c e l l  NEWCELL. The p o i n t e r s  C A R 1  and C D R l  o f  t h e  
new c e l l  NEWCELL a r e  copied from t h e  o r i g i n a l  c e l l  OLDCELL. I n  t h i s  
way t h e  l i n k  i s  f rom t h e  new c e l l  NEWCELL t o  t h e  l i s t  s t r u c t u r e  BB and 
CC be ing  re fe renced by t h e  o r i g i n a l  c e l l  OLDCELL, r a t h e r  than between 
NEKELL and OLDCELL. T h i s  d i s t r i b u t i o n  has t h e  r e s u l t  t h a t  no r e f e r -  
ence i s  added t o  t h e  o r i g i n a l  c e l l  OLDCELL, and i t s  re fe rence counter  
CTRl may remain a t  t h e  same value. 
new c e l l  NEWCELL. The new c e l l  NEWCELL then adds new re fe rences  t o  two 
o t h e r  a l r e a d y  e x i s t i n g  c e l l s  BB and CC, whose re fe rence counters  must 
be incremented, and which may of  course hdve t o  be expanded i f  t h e i r  
re fe rence counters  a r e  a l ready  a t  maximuni va lue.  
e n t i r e  s t r u c t u r e  be ing  referenced has a l l  i t s  r e f e r e n c e  counters  a t  
maximum value,  and thus  t h e  e n t i r e  s t r u c t u r e  i s  cop ied  tn rough i n d i v i d -  
u a l  expansions o f  each o f  i t s  c e l l s .  
The added r e f e r e n c e  NEWREF i s  a d j u s t e d  
The new r e f e r e n c e  NEWREF i s  t o  t h e  
I n  the w o r s t  case t h e  
T h i s  d i s t r i b u t i o n  of  counter  in fo rmat ion  among severa l  smal l  counters  
has t h e  advantage o f  m a i n t a i n i n g  a u n i f o r m  c e l l  format ,  and of  e l i m i -  
n a t i n g  t h e  e x t r a  r e t r i e v e  operat ions t o  g e t  t h e  second member o f  an 
expanded c e l l  p a i r .  I t s  disadvantage i s  t h a t  l i s t  p rocess ing  so f tware  
which employs l i s t  s p l i c i n g  techniques would need t o  be c a r e f u l l y  
examined t o  assure t h a t  i t  would produce t h e  a n t i c i p a t e d  r e s u l t .  
S t r a t e g i e s  may be mixed. For  example, zero  s i z e  counters  may be main- 
t a i n e d  f o r  dynamica l l y  a l l o c a t e d  numeric q u a n t i t i e s  r e s u l t i n g  from 
computat ion,  w h i l e  s m a l l  counters o f  some o t h e r  s i z e  a r e  used f o r  l i s t  
c e l l s  c o n t a i n i n g  p o i n t e r  p a i r s .  Any o f  t h e  d i s t r i b u t i o n  schemes, o r  a 
mix  i n  which some c e l l s  a r e  expanded one way and some another ,  may be 
used w i t h  t h e  v a r i o u s  c e l l  types. 
A d d i t i o n  t o  a Convent ional  Data Processor 
The f u n c t i o n  o f  t h e  garbage manager GM may be p l a c e d  on t h e  memory bus 
o f  a convent iona l  ddta processor, i n  a manner s i m i l a r  t o  a memory 
10 C l o s e l y  I n t e g r a t e d  Processor and Garbage Manager 
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module o r  p e r i p h e r a l  c o n t r o l l e r .  
r e - d i r e c t  references aga in  on t h e  bus t o  t h e  system's memory. S ince 
t h e r e  a r e  no ded ica ted  s i g n a l  paths f o r  t h e  r e f e r e n c e  c o n t r o l  in forma- 
t i o n ,  i t  would be communicated by some o t h e r  means, as f o r  example by 
s t o r i n g  a s p e c i a l  code i n  a f i x e d  address, o r  by access ing one o f  
severa l  f i x e d  addresses. The " s t o r e  immediate" i n s t r u c t i o n s  o f  some 
processors would be s u i t a b l e  f o r  t h i s  purpose. 
would a l l o w  e f f i c i e n t  use o f  t h e  i n v e n t i o n  i n  c o n j u n c t i o n  w i t h  a 
convent iona l  processor.  
I t  may i n c l u d e  i t s  own memory, o r  
5 
Such an embodiment 
Ihe l i s t  processor  and garbage manager may share da ta  paths,  f u n c t i o n a l  
u n i t s ,  and sequencers. T h i s  would r e q u i r e  a c l o s e  c o u p l i n g  o f  t h e  two, 
b u t  c o u l d  produce an economic embodiment f o r  purposes such a; i iq len ien-  
t a t i o n  o f  a l i s t  processor  on a VLSI  (Very Large Scale I n t e g r a t i o n )  
15 c h i p -  i 
-. . 
Mu1 t i  Dle Processors and H i a h l  v Para1 1 e l  Processors 
Where t h e r e  a r e  m u l t i p l e  processors and each has i t s  own memory, each 
would a l s o  have i t s  own garbage manager. The s i m p l i c i t y  and de tc rmi -  
nacy o f  garbage management u s i n g  the  present  i n v e n t i o n  would p e r x i t  
s i m p l e r  processors and would make c o o r d i n a t i o n  among t h e  processors 
e a s i e r .  
min imizes t h e  amount o f  memory r e q u i r e d  f o r  each processor .  
20 
The immediate i d e n t i f i c a t i o n  and reuse o f  garbage c e l l s  
Where t h e r e  a r e  memory modules separate f rom t h e  processors,  w i t h  some 
means o f  i n t e r c o n n e c t i n g  t h e  processors and t h e  memories, a garbage 
25 manager c o u l d  be i n c l u d e d  e i t h e r  w i t h  each processor ,  o r  w i t h  each 
memory module. I n  t h e  case o f  i n c l u d i n g  a garbage manager w i t h  each 
processor ,  some means would need t o  be p r o v i d e d  t o  assure c o n s i s t e n t  
r e s u l t s  when two o r  more processors were u p d a t i n g  elements o f  t h e  same 
memory module. I n  t h e  case o f  i n c l u d i n g  a garbage manager w i t h  each 
expansions and second c e l l  accesses a r e  handled l o c a l l y )  , and t h e  
problem o f  synchron iz ing  m u l t i p l e  access would be somewhat reduced. 
30 memory module, i n t e r c o n n e c t i o n  t r a f f i c  would be reduced (because 
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The above configurations avoid the problem typically encountered of 
having t o  scan the pointers of a l l  other memory modules when looking 
for  garbage within a particular module. This becomes more important a s  
memories become larger a n d  are partitioned i n t o  more modules t o  s u p p o r t  
5 parallel processing. 
Garbage management in the manner prescribed by the invention i s  also 
compatible with methods of controlling the sharing of t ransient  l i s t  
s t ructures ,  such as copying l i s t s ,  or use of a forwarding table.  
garbage manager may even be used to  implement the operation o f  a 
forwarding table by merely marking the table en t r ies  as being in 
expanded format ,  a n d  by providing some means t o  inh ib i t  the 
de-expansion of  table entr ies  (which could be as simple as i n i t i a l i z ing  
each entry with a count exceeding the maximum small format counter 
value) . 
The 
10 
15 Those skil led in the a r t  will recognize t h a t  many other embodiments may 
be found which use the bas i c  principles of the invention. 
ABSTRACT 
r a t e n t  
I n  a l i s t  p rocess ing  system, s m a l l  r e fe rence  coun te rs  a r e  main ta ined i n  
c o n j u n c t i o n  w i t h  memory c e l l s  for  t h e  purpose o f  i d e n t i f y i n g  memory 
c e l l s  t h a t  become a v a i l a b l e  f o r  re-use. The coun te rs  a r e  updated as 
re fe rences  t o  t h e  c e l l s  a r e  c rea ted  and destroyed, and when a coun te r  
o f  a c e l l  i s  decremented t o  l o g i c a l  ze ro  t h e  c e l l  i s  immediately 
re tu rned  t o  a l i s t  o f  f r e e  c e l l s .  I n  those cases where a coun te r  must 
be incremented beyond the  maximum va lue  t h a t  can be represented  i n  a 
smal l  counter ,  t h e  c e l l  i s  r e s t r u c t u r e d  so t h a t  t h e  a d d i t i o n a l  r e f e r -  
10 ence count  can be represented. The r e s t r u c t u r i n g  i n v o l v e s  a l l o c a t i n g  
5 
an a d d i t i o n a l  c e l l  , d i s t r i b u t i n g  counter ,  tag,  and p o i n t e r  i n f o r m a t i o n  
among t h e  t w o  c e l l s ,  and l i n k i n g  b o t h  c e l l s  a p p r o p r i a t e l y  i n t o  t h e  
e x i s t i n g  l i s t  s t r u c t u r e .  
